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Abstract
Predicting the effects of a coronal mass ejection (CME) impact requires knowing if impact
will occur, which part of the CME impacts, and its magnetic properties. We explore the re-
lation between CME deflections and rotations, which change the position and orientation of
a CME, and the resulting magnetic profiles at 1 AU. For 45 STEREO-era, Earth-impacting
CMEs, we determine the solar source of each CME, reconstruct its coronal position and ori-
entation, and perform a ForeCAT [Kay et al., 2015a] simulation of the coronal deflection and
rotation. From the reconstructed and modeled CME deflections and rotations we determine
the solar cycle variation and correlations with CME properties. We assume no evolution be-
tween the outer corona and 1 AU and use the ForeCAT results to drive the FIDO in situ mag-
netic field model [Kay et al., 2017a], allowing for comparisons with ACE and Wind obser-
vations. We do not attempt to reproduce the arrival time. On average FIDO reproduces the
in situ magnetic field for each vector component with an error equivalent to 35% of the av-
erage total magnetic field strength when the total modeled magnetic field is scaled to match
the average observed value. Random walk best fits distinguish between ForeCAT’s ability to
determine FIDO’s input parameters and the limitations of the simple flux rope model. These
best fits reduce the average error to 30%. The FIDO results are sensitive to changes of or-
der a degree in the CME latitude, longitude, and tilt, suggesting that accurate space weather
predictions require accurate measurements of a CME’s position and orientation.
1 Introduction
Coronal mass ejections (CMEs) can drive intense magnetic storms at Earth and through-
out the rest of the solar system. Observations at Mars from the Mars Atmosphere and Volatile
Evolution (MAVEN) spacecraft [Jakosky et al., 2015] show the response of the Martian
magnetosphere and atmosphere to a CME impact, and suggest that CME impacts may have
played a prominent role in the evolution of the Martian atmosphere. Predicting the effect that
a CME may have on a planetary environment requires understanding the path that a CME
takes as it propagates away from the Sun and the properties of the CME itself.
The earliest spaceborne coronagraph measurements showed that the position angle of a
CME often changes as it propagated through the coronal field-of-view. Hildner [1977] found
a trend of CMEs deflecting toward the equator in the Skylab coronagraph observations. In
the Solar Maximum Mission observations this trend was no longer present [MacQueen et al.,
1986]. CMEs still underwent deflections, but deflections occurred both toward and away
from the equator. Changes in position angle typically correspond to latitudinal deflections,
but via geometric reconstruction techniques and the multiple viewpoints allowed by the twin
Solar Terrestrial Relations Observatory (STEREO) spacecraft, longitudinal deflections have
also been observed [e.g. Gui et al., 2011; Isavnin et al., 2014; Möstl et al., 2015].
CME deflections are frequently attributed the magnetic forces, which tend to be the
dominant forces in the low corona. On global scales, CMEs deflect toward the Heliospheric
Current Sheet (HCS) and away from coronal holes [e.g. Filippov et al., 2001; Cremades and
Bothmer, 2004; Gopalswamy et al., 2009; Kilpua et al., 2009], following the background gra-
dients in the magnetic energy. This motion can explain the discrepancy between the trends
observed in the Skylab and Solar Maximum Mission observations. The Skylab observations
occurred during solar minimum, when latitudinal deflections toward the equator would be
expected due to the flat HCS, whereas during solar maximum the HCS is more inclined and
more variety in the direction of deflection would be expected.
Similar to deflection changing a CME’s latitude or longitude, rotation causes the tilt
of a CME, typically measured counterclockwise with respect to the solar equator, to change
from its initial value. Rotation is often difficult to measure in the low corona where the CME
is simultaneously deflecting, rotating, and expanding nonuniformally [Savani et al., 2010;
Nieves-Chinchilla et al., 2013] but a rotation has been inferred from some observations [Vourl-
idas et al., 2011; Thompson et al., 2012; Isavnin et al., 2014]. Simulations of CMEs often
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show rotation without any ambiguity [e.g. Lynch et al., 2009; Kliem et al., 2012], which often
occur as a result of the kink instability so that the flux rope handedness and the direction of
rotation are intrinsically coupled.
Observations and simulations show that the largest CME deflections and rotations oc-
cur in the corona [Byrne et al., 2010; Isavnin et al., 2014; Kay et al., 2015a, 2017b], but ob-
servations suggest that interplanetary deflections may also occur [e.g Wang et al., 2004; Liu
et al., 2010; Lugaz et al., 2010; Wang et al., 2014]. Multiple interplanetary coronal mass
ejections (ICMEs) interacting can lead to deflections [e.g. Xiong et al., 2007; Lugaz et al.,
2012, 2013]. Wang et al. [2004] suggest that an isolated ICME deflects longitudinally to
follow the Parker spiral so that fast ICMEs are forced eastward due to solar wind piling up
ahead of the ICME and slow ICMEs deflect westward due the accumulation behind. Kay
et al. [2015a] and Kay and Opher [2015], however, suggest that the magnetic forces beyond
the low corona are not strong enough to yield significant deflections. Sachdeva et al. [2017]
study the magnetic forces driving radial acceleration, which originate from the same mag-
netic background as the tangential deflection forces, and find that these forces can become
negligible by 4 R for fast CMEs but can still influence the radial velocity as far as 12 to 50
R for slow CMEs.
At Earth, geomagnetic disturbances are often measured by the disturbance storm time
(Dst) index, a measure of the Earth’s ring current. Observations show that the intensity of the
storm (as measured by Dst) tends to be correlated with the magnitude of an ICME’s south-
ward magnetic field [Yurchyshyn et al., 2005] or the product of the ICME velocity and the
southward magnetic field [Gopalswamy et al., 2008]. Space weather predictions therefore
depend critically on accurately determining the magnetic field of ICMEs, which depend not
only on the magnetic field of the erupting flux rope, but its final orientation including any
deflection or rotation before impact.
Many of the studies of ICME in situ magnetic field focus on inferring information
about the ICME from the magnetic profile rather than predicting the magnetic profile from
known ICME properties. Hu and Sonnerup [2002] introduce a technique for fitting the two-
dimensional magnetostatic Grad-Shafranov equation to an in situ profile from a single space-
craft. This technique has been applied extensively to a large number of observed ICMEs [e.g.
Möstl et al., 2008, 2009; Al-Haddad et al., 2011]. Lepping et al. [1990] introduce a tech-
nique for fitting the Lundquist solution for a force free flux rope to an in situ profile in order
to determine the orientation of the flux rope. This model has been applied to all the ICMEs
observed by Wind [e.g. Lepping et al., 2011, 2015].
Few studies thus far have used remote coronagraph or heliospheric imager observa-
tions to forward model the full in situ magnetic profile of an ICME (e.g. one case in Kunkel
and Chen [2010] and two cases in Isavnin [2016]) with the eight cases of Savani et al. [2015]
representing the largest study of this kind. Gopalswamy et al. [2017] combine geometrical
properties from the corona with the observed reconnection flux to predict the magnetic flux
at 1 AU for over 50 CMEs, but do not compare the full magnetic profiles. Studies that com-
bine remote and in situ measurements for a large number of CMEs (> 10) tend to have an-
other focus for the in situ data, such as predicting impacts and misses [Rodriguez et al., 2011]
or the arrival time [Möstl et al., 2014], or determining the shape of the CME [e.g Owens,
2008; Janvier et al., 2013, 2015] or other near-Earth characteristics [e.g. Kilpua et al., 2009;
Berdichevsky et al., 2011; Temmer et al., 2017]. Magnetohydrodynamic (MHD) simulations
of ICMEs are often compared with observations, yielding reasonable results [e.g. Zhou et al.,
2014; Shiota and Kataoka, 2016; Jin et al., 2017], but these simulations typically do not run
on time scales that would be reasonable for future space weather predictions or ensemble
studies.
Isavnin et al. [2013] and Isavnin et al. [2014] study the deflection and rotation of CMEs
by combining both coronagraph observations and in situ magnetic field observations. For 15
CMEs, the coronal position is reconstructed and the position and orientation near 1 AU in-
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ferred from the Grad-Shafranov reconstruction combined with geometric arguments and an
assumed longitudinal deflection along the Parker Spiral according to Wang et al. [2004]. The
Parker-spiral longitudinal deflection corresponds to small values, typically less than 5◦, as
the CME speed does not differ greatly from the background solar wind CME for the Isavnin
et al. [2013, 2014] CMEs. This small range of interplanetary longitudinal deflections can
result in large inferred interplanetary latitudinal deflections with values reaching as large as
35◦ and most cases falling between 10◦ and 20◦.
In a recent study, Wood et al. [2017] determine the full trajectory of ICMEs observed
by Wind. For 28 cases, Wood et al. [2017] use STEREO observations to follow the corre-
sponding CME from the Sun to near 1 AU. Wood et al. [2017] find that the CME position,
orientation, and size inferred from their coronagraph or heliospheric imager reconstructions
often do not match the values determined from the in situ magnetic field.
In this paper we combine observations and simulations to present the largest-to-date
study of the coronal deflections and rotations of CMEs and the resulting effects on the in situ
magnetic profiles near Earth. In section 2 we describe the data set and the method by which
the coronagraph observations are processed. In section 3 we describe ForeCAT, which sim-
ulates the coronal deflection and rotation of the CME, and FIDO, which takes the ForeCAT
results and produces an in situ profile of the CME’s magnetic field. Section 5.1 contains the
coronal results from both the observations and simulations and section 6 contains the in situ
results near 1 AU.
2 Data Set and Coronal Observations
To select the CMEs in this paper, we begin with the Richardson and Cane [2010] list
of near-Earth ICMEs (updated list at http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm,
hereafter referred to as the RC ICME list). From these, we select only the ICMEs that have
an identified LASCO coronal CME counterpart within the list. We emphasize that we fully
rely on the RC identifications and do not study the evolution of these CMEs between the
corona and 1 AU. It can be difficult to unambiguously associate in situ CMEs with their coro-
nal counterparts if multiple CMEs occur in rapid succession, especially if CME-CME inter-
actions occur. However, many of these CMEs appear in other lists (such as in Gopalswamy
et al. [2013] and Selvakumaran et al. [2016]) and we find that they have consistent identifi-
cation for the coronal counterparts of the ICMEs. Finally, we exclude any CMEs that do not
have at least COR2 coronagraph observations from both STEREO spacecraft, yielding a final
set of 45 CMEs between November 2007 and June 2014, occurring between the late declin-
ing phase of Solar Cycle 23 and the beginning of the maximum of Solar Cycle 24. This set
includes ICMEs that satisfy the criteria to qualify as magnetic clouds (MCs, Burlaga et al.
[1981]) and more complicated or less clear structures that would be classified as non-MCs
or ejecta. We make no distinction between the two sets within this paper, showing that FIDO
can reproduce both types, though we compare our results with the ICME “quality” in Section
6, and the highest quality cases typically correspond to MCs. The ICMEs classified as MCs
in the RC ICME lists have an “MC” by the quality in Table 2 of the supplementary material.
We determine an approximate initial location using observations from a combination
of extreme ultraviolet (EUV) imagers to determine whether each CME erupts from an ac-
tive region and, if so, which part of the active region erupts. The Solar and Heliospheric Ob-
servatory’s Extreme Ultraviolet Imaging Telescope (SOHO/EIT 195 Å) and the Solar Dy-
namics Observatory Atmospheric Imaging Assembly (SOHO/AIA 171 Å or 193 Å) tend to
provide a face on view of the post-eruption arcade and the STEREO Extreme Ultraviolet Im-
ager (EUVI 195 Å) can show the location of filaments off the solar limb for many of these
Earth-directed CMEs. We combine this approximate location with an SDO Helioseismic and
Magnetic Imager (HMI) magnetogram (or SOHO Michelson Doppler Imager (MDI) magne-
togram for CMEs before May 2010) to determine the polarity inversion line from which each
CME erupts, yielding a better approximation to the initial latitude, longitude, and orientation
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of each CME. For the cases that also appear in Gopalswamy et al. [2013] and Selvakumaran
et al. [2016], we find good agreement in the initial latitude and longitude of the CMEs.
We use the Graduated Cylindrical Shell model [GCS, Thernisien et al., 2006] to re-
construct the position and orientation of each CME at farther distances. Simultaneously for
both the STEREO A and B viewpoints, we visually fit the GCS shape to running difference
images from both COR1 and COR2. We obtain a single fit for each of the COR1 and COR2
field-of-views rather than reconstructing the full trajectory at as many time possible due to
the large sample size of 45 CMEs. Table 1 of the supplementary material lists the results
for the free parameters of the GCS reconstructions for both COR1 and COR2. Each CME is
given an identification number (ID) and the listed times correspond to the first appearance
in the COR1 field-of-view. Several CMEs cannot be observed in COR1 and the COR2 times
are listed, which is indicated with an ∗. Table 1 includes the CME latitude, longitude, tilt
(measured counterclockwise from the solar equator), radial distance of the front of the CME,
R, aspect ratio, κ, and angular width.
Near 1 AU we consider in situ data from both ACE and Wind. Many of the ICMEs
within the RC ICME list are also identified in the Wind ICME list (available at http://wind.nasa.gov/ICMEindex.php).
Both lists contain start and stop times for each CME, and these two independent measure-
ments are often not in agreement despite the magnetic field not varying significantly between
spacecraft. The stop times of the CMEs tend to vary the most as it is often difficult to define
a precise boundary for the back of the CME. When comparing with the in situ data, we tend
to use the most conservative set of boundaries, which may combine times from the two dif-
ferent lists.
3 ForeCAT and FIDO
To simulate each CME’s coronal deflection and rotation, we use Forecasting a CME’s
Altered Trajectory [ForeCAT, Kay et al., 2013, 2015a]. ForeCAT calculates the magnetic
tension and magnetic pressure gradients from an HMI- or MDI-driven Potential Field Source
Surface (PFSS) model of the background solar magnetic field, the net force determining the
deflection and the torque creating a rotation about an axis running through the nose of the
CME to the center of the Sun. ForeCAT uses simple analytic or empirical models to describe
a CME’s radial velocity and angular width as a function of radial distance and the deflection
and rotation cause a change in the CME’s latitude, longitude, and tilt on top of the propaga-
tion and expansion. ForeCAT CMEs can be simulated to any radial distance, but, as seen in
Kay and Opher [2015], the deflection and rotation become negligible by about 10 R be-
cause the magnetic forces rapidly decrease with radial distance.
Within ForeCAT, the CME flux rope is represented with a rigid, undeformable torus.
The shape is specified by the ratio of the height to width, A, and the ratio of the cross-sectional
width to the width, B (see Figure 2 of Kay et al. [2015a], A = a/c, B = b/c). With the cur-
rent rigid shape the torus will increase in size as the CME expands but the shape parameters
A and B do not change during the simulation. The front of the torus is represented numeri-
cally with a grid consisting of 15 points in the toroidal direction and 13 points in the poloidal
direction. ForeCAT calculates the forces at each grid point simultaneously via parallelization
on a Graphics Processing Unit (GPU). Accordingly, ForeCAT runs very efficiently, taking
approximately 10 seconds to simulate a CME to 10 R on an average desktop computer.
For this paper, we simulate CMEs out to a distance of 50 R with ForeCAT. Any sim-
ulated deflection or rotation due to magnetic forces is negligible beyond this distance. The
observed PIL location puts constraints on the initial latitude, longitude, and tilt of the Fore-
CAT CME, and the observed velocity and angular width constrain the propagation and ex-
pansion models. The CMEs follow a three-phase propagation model, similar to that of Zhang
and Dere [2006]. The CME begins at some initial velocity, vmin, then linearly accelerates
to a coronal speed, vcor , between two radial distances. These radial distances and vmin are
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relatively unconstrained from the observations due to only reconstructing each CME at a
maximum of two different distances. The simulated CMEs expand exponentially from some
minimum to a maximum angular width. The angular width reconstructed from COR2 deter-
mines the maximum angular width, and the minimum can be constrained by the value from
COR1. We also include a linearly increasing CME mass below 10 R to mimic the effects
of solar wind swept up by the erupting CME. The final mass is determined from the LASCO
CME catalog values, where possible, and the initial mass is set at half the final value. The
shape parameters are entirely unconstrained, but we restrict them to “reasonable” values - A
between 0.5 and 1 and B between 0.1 and 0.3.
We couple the ForeCAT results to the ForeCAT In situ Data Observer [FIDO, Kay
et al., 2017a]. FIDO uses the CME position and tilt from ForeCAT to orient a CME flux
rope. FIDO propagates the flux rope past a synthetic spacecraft, determining the spacecraft’s
distance from the toroidal axis and the orientation of the CME’s toroidal and poloidal di-
rections as a function of time. The distance from the axis determines the magnitude of the
toroidal and poloidal magnetic field and the unit vectors from the CME orientation allow for
conversion to Geocentric Solar Ecliptic (GSE) coordinates and direct comparison to the ACE
and Wind data. Note that we do not simulate the propagation between 50 R and 1 AU. We
assume no significant changes in position and orientation occur between these distances and
make no attempt to simulate the arrival time of each ICME.
Kay et al. [2017a] used the Lundquist solution for toroidal and poloidal components,
Bt,FF and Bp,FF , of a force free flux rope
Bt,FF = B0J0
(
2.4d
b
)
(1)
Bp,FF = B0HJ1
(
2.4d
b
)
(2)
where B0 is the axial magnetic field strength, H the handedness of the flux rope (=
±1), d the impact parameter, b the cross-sectional radius of the flux rope, and J0 and J1
are Bessel functions. The value 2.4 causes Bt,FF to reach zero at the edge of the flux rope
(d = b). We note that this simplification assumes that the flux rope can locally be described
as cylindrical at any time step, the full solution for a Lundquist type toroidal flux rope can
be found in Berdichevsky [2013]. In this paper we also consider a circular flux rope model
[Nieves-Chinchilla et al., 2016]
Bt,circ = B0
(
τ − d
b
) (n+1)
(3)
Bp,circ =
B0
C1
H
(
n + 1
m + 2
) (
d
b
) (m+1)
(4)
where m, n, τ, and C1 are constants that parameterize the model. Here we assume val-
ues of zero and one for m and n. τ, which determines the profile of the toroidal field, and C1,
which determines the ratio of the toroidal and poloidal components, are left as free parame-
ters but assumed to be between 0.5 and 2.
The ForeCAT results determine the latitude, longitude, and tilt of the FIDO flux rope,
and the speed at 1 AU from the RC ICME list determines the duration of the passage, which
begins at the start time chosen from the RC and Wind ICME lists. We use the same angular
width as at the end of the ForeCAT simulation and assume that the flux rope keeps expand-
ing self-similarly, maintaining a fixed angular width as it passes over the synthetic spacecraft.
We allow for changes in the shape ratios A and B between ForeCAT and FIDO to mimic an
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evolution in the flux rope shape during interplanetary propagation. Most often we only in-
crease B to allow for an increase in the cross section relative to the total width.
The helicity or handedness of the flux rope and the sign of axial field B0 can be in-
ferred from the HMI/MDI magnetogram. Bothmer and Schwenn [1998] determine the he-
licity from the hemisphere of the eruption (negative in the north, positive in the south), and
determine the direction of the toroidal field from the polarity of the leading and trailing flux
systems of the AR. This simple method works best for CMEs with relatively low inclination
that initiate from isolated ARs with little non-dipolar structure, but may not be appropriate
for more inclined CMEs erupting from more complicated ARs. The Bothmer-Schwenn re-
lation also breaks down for ARs that have the opposite helicity as expected for their hemi-
sphere, which may include as much as 40% of ARs [Pevtsov et al., 2014]. Palmerio et al.
[2017] perform a detailed study of the source region of two CMEs showing that a CME’s
helicity and axial orientation can be estimated best by using a combination of proxies ob-
servable in the corona. In this work we attempt to identify the flux rope foot points from the
EUV observations and compare with the polarities in the magnetogram to obtain an estimate
of the expected handedness and axial field direction.
The final free parameter is the magnitude of B0. Kay et al. [2017a] kept this as a free
parameter, determining the appropriate value for each case. Here, we take the average of the
total magnetic field strength during the middle four hours of both the ACE ICME and model
flux rope (with B0 initially unassigned, or set to one) and use the ratio of the two averages
to determine the value of B0. This reduces the number of free parameters, which helps with
finding the best fits in section 6.3, and we find that this normalization tends to yield a reason-
able representation of the total magnetic field strength over the full duration.
We note that the FIDO model follows nearly the same algorithm as the in situ predic-
tion model of Savani et al. [2015] but has several key differences. First, Savani et al. [2015]
use a GCS reconstruction to orient their flux rope. This reconstruction technique has large
uncertainties due to the imprecise nature of visual fits to white-light coronagraph images and
the frequent occurrence of degeneracies between the model parameters. Typically uncertain-
ties of 5◦ in latitude and 10◦ in longitude and tilt are assumed [Thernisien et al., 2009]. Kay
et al. [2017a] shows that this level of uncertainty in the position and orientation can lead to
a wide range of in situ results and suggest instead using the results of a simulation such as
ForeCAT, which should have less uncertainty on average. Savani et al. [2015] also do not
include any expansion in their flux rope as it passes the spacecraft so that the profile of the
total magnetic field strength is symmetric in time. CME expansion creates a long, decreas-
ing tail in the observed total magnetic field strength [e.g Farrugia et al., 1993], and Kay et al.
[2017a] show that including expansion tends to match to the observed tails.
4 Example Case
Before describing the results of each step in detail, we briefly describe the full process
for a single case to provide a better overview. Figure 1 shows the step-by-step process for a
single CME (CME 7, which erupted on 24 May 2010.) We start with the the paired coronal
and in situ times from the Richardson and Cane ICME list and begin by looking for the site
of the eruption on the solar disk in the hours preceding the coronal time. Figure 1(a) shows
an SDO/AIA 193 Å image from 24 May 2010 at 13:45 UT, the red box indicates the location
of the arcade formed by reconnection behind the CME. We compare this location with an
HMI magnetogram (Figure 1(b), red box corresponds roughly to the same region as in Figure
1(a)) and determine the location of the erupting PIL. We then visually fit the GCS model to
STEREO images from both COR1 and COR2 (Figure 1(c)-(f)).
We then use the observational results with our simulations. Some of the information
(such as CME width, speed, and initial location) are used as inputs for the ForeCAT model,
but the model results are compared with the reconstructed coronal position and orientation.
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g. h.
a. b.
c. d.
e. f.
ForeCAT FIDO
SDO/AIA 193 Å 13:45 UT SDO/HMI B 13:45 UT
STEREO/COR1A 13:55 UT STEREO/COR1B 13:55 UT
STEREO/COR2A 17:54 UT STEREO/COR2B 17:54 UT
Figure 1. Depiction of the step-by-step analysis for a single case (CME 7 in the tables). All SDO and
STEREO times are on 24 May 2010.
–8–
Confidential manuscript submitted to JGR-Space Physics
Figure 1(g) shows the results of the ForeCAT simulation for this CME. The background
shows the PFSS magnetic field strength at the surface (color contours) and at the source
surface (line contours, darkest indicating the weakest field strength). The lines show the
projection of the ForeCAT CME’s toroidal axis with the color indicating the CME height.
This CME quickly deflects to the southeast, reaching a nearly constant position by 10 R, but
shows little rotation.
We continue the ForeCAT simulations out to 50 R to ensure we capture the full de-
flection and rotation. We then use the position and orientation of the CME at 50 R as in-
puts for the FIDO simulation. Note that we do not perform any simulations between 50 R
and 1 AU, we assume there is no further deflection and rotation. Additionally, we make no
attempt to simulate the arrival time of the ICME, it is assumed to start when the observed
ICME starts. Figure 1(h) compares the FIDO results for this case (dark blue) and the ACE
and Wind in situ observations. We also consider FIDO results driven by the COR2 GCS re-
construction (purple), as well as several best fit cases (green and light blue), discussed in
Section 6.3.
5 Coronal Results
We first analyze and compare the GCS reconstructions and ForeCAT simulations be-
fore investigating the in situ magnetic field near 1 AU as this set of 45 CMEs represents the
largest study of both observations and simulations of CME deflection and rotations.
5.1 Observations
We first consider the deflections and rotations determined from the combination of the
initial location and the coronagraph reconstructions. Figure 2 shows the latitude (top row),
longitude (middle row), and tilt (bottom row) for each CME versus time. Each circle rep-
resents a measurement at a different height with the black circles showing the location in-
ferred from the PIL and the yellow and maroon circles showing the values from the COR1
and COR2 reconstructions. The black lines connect the measurements for each CME. The
right panels contain histograms for the measurements at each height.
The top panels show that the majority of the CMEs initiate in two bands of latitude lo-
cation at ±10-20◦ latitude. By the time that the CME reaches the COR1 and COR2 fields-of-
view the distribution has flattened out, filling in the lowest latitudes and extending to higher
latitudes. Note that, despite this being a sample of Earth-impacting CMEs, we observe de-
flections both toward and away from the Earth’s latitude. Both directions occur with rela-
tively equal frequency over the full time span. Of the 45 CMEs, 20 deflect toward the Earth’s
latitude, and 25 deflect away with an average magnitude of 11.4◦±11◦ toward and 9.0◦±6◦
away, with the uncertainties representing the standard deviations. The largest equatorward
deflections occurred between 2008 and 2011, which corresponds to solar minimum. This
supports the trend of eruptive prominences being observed at higher latitudes than their asso-
ciated CMEs seen during previous solar cycles (Figure 15.14 of Gopalswamy [2015]). Dur-
ing this time the CMEs initiate at higher latitudes, and the HCS is relatively flat and near the
solar equator, leading to the large latitudinal deflections. We futher discuss this and other
solar cycle trends in Section 5.2.
The middle panel shows the CME longitude relative to the Earth’s location for each
CME. While some evidence may exist for a systematic eastward deflection of fast ICMEs
[Wang et al., 2004] we do not expect the coronal forces to have a preferred direction of lon-
gitudinal deflection. Since these are Earth-impacting CMEs, we may expect their longitude
to move closer to Earth on average (therefore increasing the likelihood of impact). The his-
tograms in the middle panel do show a noticeable increase in CMEs in the closest longitude
bins, 29 CMEs deflect toward the Earth’s longitude. We also, however, find some CMEs
–9–
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Figure 2. Time series plot showing the evolution of each CME’s latitude (top), Stonyhurst longitude (mid-
dle), and tilt (bottom). The black circles indicate the values determined at the surface of the Sun, and the
yellow and maroon circles correspond to the values from the COR1 and COR2 GCS reconstructions. The
black lines connect all the circle corresponding to a single CME. The right panels show histograms of the
surface, COR1, and COR2 values for the whole time series.
that move to very far longitudinal distances. We find an average longitudinal deflection of
10.1◦±8◦ for the CMEs moving toward Earth, and 5.5◦±6◦ for the CMEs moving away.
In the bottom panel showing the orientation we have several CMEs that rotate across
the boundary between ±90◦. For better visualization we show these cases as having an initial
orientation with absolute magnitude greater than 90◦ so that the rotation appears as a con-
tinuous line. For example, a CME that rotates clockwise from -80◦ to 80◦ would appear as a
rotation from 100◦ to 80◦. The histograms show the initial orientations without any adjust-
ments. The majority of the CMEs start with relatively vertical orientations, then tend to ro-
tate toward more horizontal orientations. We find an average rotation of 16.8◦±17◦ and both
clockwise and counterclockwise rotations occur. More CMEs rotate clockwise than coun-
terclockwise (32 compared to 13) but the average clockwise rotation is comparable to the
average counterclockwise rotation (17.7◦±14◦ versus 14.6◦±23◦)
Previous observations and simulations have shown that the largest deflections occur
very close to the Sun [Byrne et al., 2010; Isavnin et al., 2014; Kay et al., 2015a]. Between
the initial location/orientation and the COR1 reconstructions we find average latitudinal
deflections of 5.2◦±5◦, longitudinal deflections of 6.4◦±5◦, and rotations of 12.6◦±12◦. In
comparison, between the COR1 and COR2 reconstructions we find average latitudinal de-
flections of 4.3◦±4.8◦, longitudinal deflections of 2.2◦±4◦, and rotations of 3.2◦±5◦. The
majority of the longitudinal deflections and rotations happen before the distance of the COR1
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reconstruction, but we see relatively equal average latitudinal deflection before and after
this distance. This is driven primarily by the large latitudinal deflections that occur near
solar minimum, CMEs occuring in 2010 or earlier have an average latitudinal deflection of
8.5◦±7◦ between the COR1 and COR2 reconstructions, compared to only 3.5◦±4◦ for CMEs
from 2011 or later. Between the COR1 and COR2 reconstructions, the average latitudinal
deflection for CMEs occuring after 2010, as well as the average longitudinal deflection and
rotation for all cases, is comparable to the uncertainties in the reconstruction technique.
5.2 Simulations
We next look at the ForeCAT results. Figure 3 shows the initial (filled circles) and final
position (empty circles, at 50 R) projected onto the solar disk. The bar show the orientation
of the CME at each distance with the arrow indcating the direction of its toroidal magnetic
field. The size of each circle indicates the CME mass and the color represents the maximum
radial speed in the simulation. The simulated CMEs are split between four panels accord-
ing to time for clarity. The thin black lines in the background mark every 10◦ in latitude and
longitude.
We note that Figures 2 and 3 respectively show the observed and simulated CME be-
havior. Nearly all the ForeCAT results match the GCS reconstructions within their uncertain-
ties, but the final latitudes and longitudes vary by 3◦ and the final tilts vary by 6◦, on average.
This difference between the two sets is sufficiently small that both figures would not visually
change significantly were the other data set used. While the differences may be small on vi-
sual scales, we later further discuss the exact magnitude of these differences and show that
these small differences can yield significantly difference in situ profiles.
The top left panel shows the simulations corresponding to CMEs during solar mini-
mum. Comparison with the other panels shows that these CMEs tend to have the smallest
masses and radial velocities. As seen in Figure 2, these solar minimum CMEs start at higher
latitudes and exhibit large latitudinal deflections toward the equator. The magnetic back-
ground is weakest during solar minimum, but the low CME masses and speeds allow the
weaker forces to still yield large deflections. For these CMEs we find an average latitudinal
deflection of 17.4◦±12◦, longitudinal deflection of 11.3◦±9◦, and rotation of 21.4◦±19◦.
As the solar cycle progress (top right then bottom left and bottom right panels), the
CME masses and speeds increase, and the latitudinal deflections decrease. In each panel the
average masses are 1.8±1.4×1015 g, 7.8±5×1015 g, 9.4±6×1015 g, and 12±8×1015 g and
the average speeds are 515±300 km s−1, 896±480 km s−1, 1106±690 km s−1, and 896±300
km s−1. The average magnetic field strength of the background also increases during this
time, and the balance between the increases in the masses, speeds, and forces determines
the change in the magnitude of the deflection and the rotation. For the 2011, 2012, and be-
yond 2013 groups we find average latitudinal deflections of 6.8◦±7◦, 4.9◦±5◦, and 8.5◦±5◦,
average longitudinal deflections of 7.0◦±9◦, 8.1◦±7◦, and 8.5◦±7◦, and average rotations of
14.0◦±15◦, 9.3◦±10◦, and 26.8◦±26◦. For the 45 CMEs in this paper, we find that the largest
deflections occur during solar minimum due to the low CME masses and velocities. This
is followed by a brief decrease in the deflection as the CME masses and velocities tend to
decrease, until the background magnetic forces increase sufficiently to balance the more mas-
sive, faster CMEs. We emphasize that this corresponds to the average behavior over our sam-
ple, and that individual CMEs’ behavior may differ.
5.3 Trends in Deflection and Rotation
The average simulated latitudinal and longitudinal deflection are comparable over the
full sample (8.5◦ and 8.4◦, respectively; 9.1◦ and 8.3◦ in observations, with higher uncer-
tainty). The ratio of the latitudinal and longitudinal deflection varies over time because the
average longitudinal deflection remains relatively constant, but the latitudinal deflection
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Figure 3. Initial and final position and orientation of each CME. The circle location shows a CME latitude
and longitude projected onto the solar disk and the bar indicates the orientation of a CME’s toroidal axis, with
the arrow indcating the direction of the toroidal magnetic field. Filled circle indicate the initial values used in
ForeCAT and empty circles represent the ForeCAT results at 50 R with a dashed line connecting each pair.
The color and symbol size indicate the coronal velocity and mass according to the scales on the right. The 45
CMEs have been split by eruption time into four roughly even groups simply for clarity.
is largest near solar minimum. Similar to the deflection, we also find that the largest rota-
tions also occur at the beginning and end of our sample. For this set of CMEs we find that
during solar minimum and maximum the balance of CME mass/speed and the magnetic
forces/torques favors larger deflections and rotations but during the rise phase the masses/speeds
have increased more proportional to the forces/torques leading to smaller deflections and ro-
tations.
As mentioned in section 5.1, and also seen in the ForeCAT simulations, not all CMEs
deflect toward the Earth’s location, despite all corresponding to Earth-impacting ICMEs. Xie
et al. [2013] show a similar figure to Figure 3, which shows that MCs tend to deflect toward
the Earth whereas non-MCs are more likely to deflect away. From the simulations, 24 CMEs
deflect away from the Earth’s latitude, and 16 CMEs deflect away from the Earth’s longitude.
Note that we find one CME where the direction of the latitudinal deflection varies between
the observations and simulations and three where the direction of the longitudinal deflection
varies; all these cases have small (<5◦) deflections. Of the CMEs deflecting away from the
Earth, roughly half have a deflection away greater than 5◦ (13 in latitude and 5 in longitude).
Additionaly, only two CMEs have both the latitude and longitude simultaneously move away
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Table 1. Correlations for the parameters shown in Figure 4.
Parameters r
Def, Rot 0.300
Def, M -0.246
Def, vcor -0.212
Def, AW -0.059
Def, v1AU -0.238
v1AU , Rot -0.068
v1AU , M 0.365
v1AU , vcor 0.624
v1AU , AW 0.482
AW, M 0.618
AW, vcor 0.518
vcor , M -0.119
M , Rot 0.003
from that of the Earth, and for only one of these does the deflection exceeds 5◦ in both direc-
tions (CME 13).
The CMEs exhibit both westward and eastward deflections and we see no hemispheric
trends in the direction of the longitudinal direction (17 out of 27 deflect eastward in the north,
9 out of 18 in the south, from the simulations). Similarly, no trends are seen in the direction
of the latitudinal deflection (14 out of 27 deflect equatorward in the north, 8 out of 18 equa-
torward in the south).
Observations and simulations suggest that CMEs with positive/negative helicity rotate
clockwise/counterclockwise [e.g. Green et al., 2007; Lynch et al., 2009]. This rotation can be
explained via conservation of helicity and an “unraveling” of the flux rope as it erupts. For
CMEs that follow the Bothmer and Schwenn [1994] polarity (negative/positive helicity in the
north/south) we would expect counterclockwise rotation in the north and clockwise rotations
in the south. However, as mentioned in section 2, the Bothmer and Schwenn [1994] relation
is only valid for average CME properties and not necessarily specific CMEs due to the com-
plicated structure of the ARs. We find that about 60% of CMEs rotate as expected for their
hemisphere - 17 of the 27 CMEs rotate counterclockwise in the north and 11 of the 18 CMEs
rotate clockwise in the south. Considering the polarity of the CMEs used for the FIDO simu-
lations, 6 of the 19 left-handed CMEs rotate counterclockwise and 11 of the 26 right-handed
CMEs rotate clockwise. ForeCAT only includes rotation from the background forces, not
from the forces within the CME itself. These external forces yielding very different results
than what is expected from the internal forces, but we note that the ForeCAT simulations are
consistent with the GCS reconstructions. Only 17 of the 45 CMEs have a rotation exceeding
the 10◦ uncertainty in the reconstructed orientation, illustrating the difficulty of accurately
determining CME rotations from coronal reconstructions.
In addition to looking for solar cycle or hemispheric trends, we can also compare the
deflection and rotation (from the ForeCAT simulations) with various CME properties. Figure
4 shows correlations between the deflection, rotation, mass, M , coronal speed, vcor , angular
width, and speed at 1 AU, v1AU , for all 45 CMEs. Note that the correlations are determined
with respect to the base-10 log of the CME mass due to the values spanning several orders of
magnitude.
Our results reproduce many of the trends from large catalogs such as LASCO, for ex-
ample the positive correlation between mass, speed, and size [e.g. Yashiro et al., 2004; Vrš-
nak et al., 2007]. For our set of 45 CMEs, a correlation is significant at a p-value of 0.05
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Figure 4. Correlation plot for parameters related to large-scale CME properties (speed, mass, and angular
width) and the total deflection and rotation.
for a correlation coefficient of 0.248 or greater. Table 1 shows the correlation values, r , for
the pairs of parameters shown in Figure 4. In Figure 4 the panels with a statistically signifi-
cant correlation are marked with a red "*" in the top right corner, with the pale red markers
indicating borderline correlations. For the CME properties we find significant correlations
between the coronal and 1 AU speeds, the mass and angular width, the mass and the coro-
nal speed, the coronal speed and the angular width, the 1 AU speed and the angular width,
and between the mass and 1 AU speed. In a study of the geoeffectiveness of Solar Cycle 23
CMEs, Gopalswamy [2008] also found strong correlations between the coronal and 1 AU
speeds, and these speeds and the magnetic field at 1 AU.
All of the correlations with the CME deflection and rotation are less significant than
the correlations amongst the CME properties themselves. We find that the deflection and ro-
tation are significantly correlated (0.300), and that the mass and total deflection are inversely
correlated at just about the p=0.05 significant level. We find inverse correlations just below
the p=0.05 significant level for the the coronal and 1 AU speeds and the deflection. All other
correlations are much below the significant level. These weaker correlations are likely due
to number of factors that influence the deflection and rotation. Specifically, as the solar cycle
progresses from solar maximum, the solar magnetic field strength, and therefore the deflec-
tion forces, increases, but simultaneously so do the average CME mass, speed, and angular
width, counteracting the increase in the forces.
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6 Near-Earth Results
We now look at the comparison between the FIDO results and the in situ observations.
First, in section 6.1, we define a score that we will use to determine the quality of the model
fits to the in situ observations. In section 6.2 we see how well FIDO, driven by ForeCAT re-
sults, reproduces the in situ observations and compare with FIDO results driven by the GCS
reconstructions instead of the ForeCAT results. In Section 6.3, we look for the best fits possi-
ble with the simple flux rope model to better understand the difference between how well we
can determine the model inputs using either ForeCAT results or GCS reconstructions and the
limitations of the simple model itself.
6.1 Goodness-of-Fit Score
FIDO uses a simple flux rope model, which will never be able to reproduce the small
scale structure of flux ropes that results from dynamic effects such as turbulence or reconnec-
tion. Our focus is to predict the correct polarity and relative magnitude of the three compo-
nents (Bx , By , and Bz) on order of hourly time scales. Accordingly, we calculate the goodness-
of-fit score using the hourly averages of both the FIDO results and the ACE in situ data. The
scores do not vary significantly whether ACE or Wind data is used.
We first determine the difference between the hourly averages of the simulations and
observations and for each component
δi = |BFIDO,i − Bobs,i | (5)
where i = x,y,z. We determine the full vector magnitude of the hourly error
δ =
√
δ2x + δ
2
y + δ
2
z (6)
The importance of the magnitude of δi depends on the magnitude of the actual flux
rope magnetic field - a larger δi is more acceptable for a flux rope with a stronger magnetic
field, however we want to be able to compare between different ICMEs. To normalize δi , we
use the average of the observed hourly magnetic field strength, which is equivalent to setting
BFIDO,i = 0 in Equation 5. We normalize both the scores for the individual components
and the total error by the average observed magnetic field. If the components are individually
normalized by their own average field strength then extremely high score can occur when
an individual component has a small magnitude, making it difficult to compare between the
three vector components.
We calculate the average values of δi and δ to determine how successfully the model
matches the individual components and the CME as a whole. For the total score, a score of
zero corresponds to a perfect fit and a score of one corresponds exactly to assuming either no
magnetic field or twice the magnitude for the flux rope duration. In this work we take a score
of one as a lenient upper limit for a “good” fit, keeping in mind that we scale the simulations
such that the average simulated total magnitude match the observed total magnitudes.
Additionally, we penalize results which yield ICME durations that are either too short
or too long. The simulated front end is forced to match the observed flux rope front, and we
tend to use the most conservative (i.e. earliest) estimate of the end. Accordingly, we reject
FIDO results with a back end more 30 minutes earlier than the observed value. We are less
strict with cases that extend beyond the observed back end as it is often difficult to define
observationally, and penalize by adding to the score 0.1 times the fractional hours the model
extends past an hour beyond the observed end point.
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6.2 FIDO-driven and GCS-driven results
Figures 5-7 compare the FIDO results with observations for each of the 45 CMEs (15
flux ropes in each figure, grouped according to time). The ID of the eruption is shown at the
top of every panel. Each panel shows, from top to bottom, the total magnitude B, and Bx ,
By , and Bz in GSE coordinates. The black and gray lines correspond to the in situ data from
ACE and Wind, respectively, and the black and gray dashed vertical lines indicate the ICME
start and stop times from RC and Wind ICME lists. Here we focus on fitting the flux rope
or flux-rope-like portion of the ICME not the shock or sheath. The dark blue line shows the
ForeCAT-driven FIDO results and the purple line shows the GCS-driven results. The green
and light blue lines are best fit results, discussed in section 6.3. Finally, the numbers at the
bottom of the B panel show the full score for each of the four models, and the score for each
of the individual components are shown in the Bx , By , and Bz panels.
We find that FIDO does a reasonable job of reproducing the in situ magnetic field with
the average total score for all 45 CMEs being 0.72±0.22, with the uncertainty corresponding
to the standard deviation. For all but 3 CMEs (CMEs 17, 20, and 42) we obtain acceptable
fits, defined by a score less than one. If we separate the “good” and “bad” fits, dividing at a
score of one, we get averages of 0.79±0.20 and 1.03±0.02 for the two groups. The average
good score changes very little from the full average due to the low number of bad fits, and
we find that the bad fits are not significantly greater than one and therefore wildly inaccurate,
rather just slightly worse than assuming zero magnetic field or twice that of the actual CME.
For the full sample the score varies between 0.24 and 1.05.
We can also look at the scores for the individual vector components. Accurately repro-
ducing the Bz component is the most essential for accurate space weather predictions (tech-
nically in Geocentric Solar Magnetospheric coordinates, though the difference from GSE is
small). FIDO, however, puts no special emphasis on this component - the vector compenents
simply result from the CME orientation and the distance from the toroidal axis. This is re-
flected in the scores for the individual components. All three components have an average
value of 0.35 with standard deviations varying between 0.14 and 0.18, suggesting that FIDO
overall does equally well for all components.
Despite using a simple flux rope model, we see quite a bit of variance in the resulting
in situ profiles. Many of the cases show a smooth rotation in the magnetic field in one or
more parameters, whereas others exhibit less variation and have all the components maintain
a nearly constant value over the duration. The profiles depend most strongly on the distance
from the synthetic spacecraft to the flux rope axis with the flattest profiles corresponding to
the farthest distances or flank hits.
For several cases we find that FIDO yields an acceptable fit to two of the magnetic field
components, but the score is driven to a higher value by an extremely poor fit in the other pa-
rameter. The most extreme example of this is the 09 November 2012 CME (CME 33) where
FIDO reproduces Bx and By relatively accurately but completely fails to produce the behav-
ior of the Bz component. More commonly, the score is driven to higher values by mediocre
fits to two or three of the components rather than an extreme in one component (e.g. CME
14 on 06 September 2011 and CME 31 on 05 October 2012). In some cases, we see more of
an east-west rotation in the FIDO results compared to a more significant north-south rotation
in the observations (e.g. CME 18 on 10 October 2011). This is most likely results from im-
preciseness in the orientation of the CME, which can rotate the magnetic field between the
nonradial directions. For the best fits FIDO simulataneously reproduces all components (e.g.
CME 16 on 19 September 2011 and CME 29 on 12 July 2012). For the worst fits FIDO fails
at reproducing all components for a significant fraction of the flux rope duration (e.g. CME
15 on 14 September 2011 and CME 20 on 26 November 2011) suggesting that the simple
flux rope model is not sufficient or appropriate for these cases.
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1. 2. 3.
4. 5. 6.
7. 8. 9.
10. 11. 12.
13. 14. 15.
Figure 5. Comparison between the ACE and Wind in situ observations (black and gray lines) and
ForeCAT-driven FIDO results (dark blue), the best fit force free and circular FIDO results (green and light
blue, respectively), and GCS-driven FIDO results (purple) for the first 15 CMEs. The black and gray dashed
lines respectively indicate the CME start and stop times according to the Richardson and Cane and WIND
ICME lists. For each CME, the top panel shows the total magnetic field, B, followed by Bx , By , and Bz . The
number in the B panel indicate the score for each of the four FIDO models and the other three panels show the
individual score for each of the vector components.
Since we are using a simple flux rope model that does not include any effects of the
deformation or deterioration that may occur between the Sun and 1 AU, we expect that FIDO
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16. 17. 18.
19. 20. 21.
22. 23. 24.
25. 26. 27.
28. 29. 30.
Figure 6. Same as Figure 5 but for the middle 15 CMEs.
will do best on ICMEs that appear the most flux-rope like. We visually assign each ICME
a quality score based on how flux-rope like they appear. A quality of 1 indicates an obvious
flux rope with a smooth rotation in the magnetic field (e.g. CME 7 on 24 May 2010 or CME
32 on 27 October 2012) and a quality of 3 indicates little-to-no obvious structure that can be
discerned from the background magnetic field (e.g. CME 4 on 07 February 2010 or CME 17
on 24 September 2011), and quality 2 falls somewhere in between. The qualities are listed in
Table 2 of the supplementary material. We emphasize that these qualities are meant simply
to allow for a better understanding of when FIDO works best and not meant to be used as a
precise grouping of ICMEs based on rigorous criteria for other studies.
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31. 32. 33.
34. 35. 36.
37. 38. 39.
40. 41. 42.
43. 44. 45.
Figure 7. Same as Figure 5 but for the last 15 CMEs.
From the 45 CMEs we define 8 CMEs as quality 1, 15 CMEs as quality 3, and the
remaining 22 as quality 2. Of the three bad fits, two of the CMEs fall in group 3 and one
in group 2. We find an average score of 0.55 for the quality 1 ICME’s, 0.74 for the qual-
ity 2 ICMEs, and 0.77 for the quality 3 CMEs. FIDO clearly does the best for the quality 1
ICMEs, but all qualities have a standard deviation of 0.2 in their average score showing there
is a wide dispersion in the scores in any single group.
As mentioned in section 3, rather than keeping B0 as a free parameter, we automati-
cally normalize the FIDO magnetic field using the middle four hours of the ICME passage.
–19–
Confidential manuscript submitted to JGR-Space Physics
We can compare with the B0 that produces the best score for each case. For some of the
ICMEs, which tend to have the poorest fits, the best score comes from a B0 that does not vi-
sually match the observed magnitude. We exclude these cases and find an average score of
0.63 for the remaining 31 ICMEs using the best fit B0. These same ICMEs have an average
score of 0.64 using the automatically normalized B0, suggesting that using this method to
remove B0 as a free parameter is reasonable.
We also consider the FIDO results driven by the latitude, longitude, and tilt from the
COR2 GCS reconstruction instead of the ForeCAT values. These results are shown in ma-
roon in Figures 5-7. We use the same angular width as the ForeCAT-driven FIDO results,
but allow for changes in the shape ratios A and B as they are not constrained by any of the
observations.
On average, the GCS-driven results tend to do slightly worse at reproducing the ob-
served in situ magnetic field. The GCS-driven results have an average score of 0.86±0.22
(compared to 0.72 for all the ForeCAT-driven cases). Whereas the ForeCAT-driven cases re-
sulted in scores greater than one for 3 of the 45 ICMEs, we find that 11 of the GCS-driven
ICMEs yield score greater than one. If we compare the good and bad scores, the GCS-driven
ICMEs have an average good score of 0.77±0.20 compared to the 0.69±0.20 for average
good ForeCAT-driven cases and the average bad GCS-driven score is 1.13±0.13 compared to
1.03±0.02 fo the ForeCAT-driven results. Both sets have significantly higher average GCS-
driven scores than the average bad ForeCAT-driven score.
The difference between the average good and bad scores for the GCS- and ForeCAT-
driven results highlights the inheritent difficulty in using the GCS reconstructions. These
reconstructions do not typically have a systematic error or bias in their values, rather just
a large uncertainty due to the difficulty of making precise visual fits to white-light images
and the degeneracy of parameters that can yield visually-acceptable fits. The majority of
the GCS-driven cases have scores only slightly worse than the ForeCAT-driven results. Six-
teen of the cases have GCS-driven scores within 0.05 of the ForeCAT-driven score, and 1
case (CME 23) actually has a better score than the ForeCAT-driven results. However, a much
larger, significant portion of the GCS-driven results yield bad fits. The GCS-results can cer-
tainly yield good fits to observations, but it has a much higher risk of returning wildly inac-
curate results.
6.3 Best Fits
Section 6.2 shows that FIDO is capable of reproducing the in situ magnetic field for
the majority of the considered ICMEs and that it is preferrable to use ForeCAT results rather
than GCS reconstructions to determine the FIDO input parameters, but it is unclear whether
a different set of parameters could yield a better fit. To determine this we look for the best fit
using FIDO’s simple flux rope and torus shape. We want to determine the limitations of how
well the model itself can reproduce the in situ results so that we can better understand our
ability to determine its input parameters with ForeCAT.
We perform a random walk, keeping or rejecting new parameters based on whether
they improve the score. We find that 4000 steps tends to be long enough to converge upon a
best fit. To narrow down the region of parameter space explored we restrict the parameters
to within 5◦ in latitude and longitude, 10◦ in tilt, and 10◦ in angular width. We force A to
remain in between 0.4 and 1 and B to be less than A.
We use both the force free flux rope model, used for all previous results in this paper
and Kay et al. [2017a] and the circular flux rope model [Nieves-Chinchilla et al., 2016]. We
continue to use the automatic normalization of the total magnetic field strength so there are
no additional parameters in the random walk for the force free model, but we allow C1 and τ
of the circular model to vary between 0.5 and 2. Figures 5-7 show the force free and circular
–20–
Confidential manuscript submitted to JGR-Space Physics
best fits in green and light blue, respectively. The best fit parameters are shown in Table 3 of
the supplementary material.
The force free best fit scores consistently show an improvement over the ForeCAT-
driven results. The force free best fits have an average score of 0.63±0.22, but we still have
two ICMEs with a score greater than one (CME 42 improves to good). We begin each of
the circular flux ropes with a C1 of 1 and a τ of 1.5, which are average values for these pa-
rameters (Nieves-Chinchilla, private communication). The average of the circular best fits is
0.61±0.24, comparable to the force free best fits, and four ICMEs still have a score greater
than one (CME 15 is the additional bad fit with the circular model).
We see a slight variation in the improvement of the individual vector components,
though the standard deviations are much larger than the variation between components. The
Bx score decreases to 0.29±0.17 for both the force free and circular models, By to 0.31±0.12
and 0.30±13, and Bz to 0.34±15 and 0.32±0.15 (previously about 0.35 for all components).
When the impact occurs near the CME nose the x-component is small as both the toroidal
and poloidal field is in the yz-plane. For these cases the score can often be easily improved
by small changes in the position of the CME, bringing the impact point closer to the nose and
minimizing the error, which may explain the slightly larger improvement in the x component.
In general, it appears that the circular model reproduces the the in situ magnetic field
slightly better than the force free flux rope, however it does have additional free parameters.
Directly comparing the scores from the two best fits we find that 25 of the cases have scores
within 0.05 of one another. Of the remaining 20, the circular model does better for 14 cases,
and the force free does better for 6 cases.
The circular model does tend to provide a better visual fit to the total magnetic field
strength, particularly near the front and back of the flux rope because the parameter C1 can
adjust the ratio of the poloidal and toroidal field. The match to the total magnetic field strength,
however, does not explicitly factor into the score and we find that this does not necessarily
translate into a better match to the indidual vector components.
This is well-illustrated by the 15 Feb 2011 ICME (CME 9). The circular flux rope bet-
ter reproduces the enhanced magnetic field at the front of the ICME. This leads to a better fit
in Bx (0.14 for circular versus 0.17 for force free) but the By and Bz scores are slightly worse,
leading to an overall worse score for the circular model than the force free model (0.62 ver-
sus 0.59) despite the better apparent fit to the total magnetic field strength.
Similar to looking for correlations in the CME parameters in Figure 4, we can also
look for correlations between the FIDO input parameters. Whereas we were able to repro-
duce many of the known correlations between CME properties in Figure 4, here we seek to
find new relationships between parameters that are often difficult to determine from remote
observations. Any significant correlations could help reduce the number of free parameter
and facilitate future predictions of the in situ magnetic field. Figure 8 shows the correla-
tions between the total magnetic field strength B0, the shape parameters A and B, the circular
model parameters C1 and τ, the velocity at 1 AU, v1AU , and the fit score.
The y-axis of the top row shows the total magnetic field strength. For these compar-
isons we use the value of B0 that corresponds to the automatically-scaled value. Both τ and
C1 affect the magnitude of the circular flux rope, so we typically find different values of B0
for the force free and circular best fits. On average, the force free B0 tends to be about 1.59
times the circular B0. We find that B0 and τ show a strong negative correlation (-0.486) for
the circular model. Both flux rope models also show correlation between B0 and the cross-
sectional shape parameter B (0.305 and 0.311 for force free and circular, respectively). None
of the other FIDO parameters show significant correlations with B0, nor do we find any cor-
relation with the CME mass, angular width, or coronal velocity.
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Figure 8. Correlation plot for the parameters related to the FIDO flux rope. The green circles show results
from the force free best fits and the light values show results from the circular best fits.
For the remaining combinations of parameters we see very few significant correlations.
The speed at 1 AU and B are strongly correlated for both flux rope models (0.460, 0.478 for
force free and circular, respectively). We also find that the circular flux rope parameter C1 is
negatively correlated with the shape parameter A (-0.312) and positively with τ (0.574). All
other correlations are below the 0.05 significant level.
We find no correlations between any of the FIDO model parameters and the quality-of-
fit score, suggesting that there is not a systematic bias toward FIDO doing better for a certain
type of ICME (e.g. faster, larger, stronger magnetic field). We can also compare the score
with the distance between the synthetic spacecraft/Earth and the ICME nose to see if there
is a preference for nose or flank hits. Using any of the FIDO scores (ForeCAT-driven or the
force free or circular best fits) we find a positive correlation just at the 0.05 statistically sig-
nificant level, suggesting that FIDO may do better for encounters near the nose as opposed to
near the flanks.
For some of the parameters it is worthwhile considering their average values from
our sample. The precise values of the circular flux rope parameters have not yet been well-
established, C1 = 1 and τ = 1.5 are suggested initial values. We confirm that these sugges-
tions tend to be the appropriate values for these CMEs finding average values of 1.06±0.25
and 1.35±0.26 for C1 and τ, respectively. Janvier et al. [2013, 2015] have statistically ana-
lyzed ICMEs via their in situ magnetic field and determined an average aspect ratio of 1.3
(ratio of width to height). We find an average A of 0.75±0.09 for both flux rope models,
which when inverted corresponds to an aspect ratio of 1.33.
–22–
Confidential manuscript submitted to JGR-Space Physics
6.4 FIDO Sensitivity
Sections 6.2 and 6.3 show that, for a small range in input parameters, FIDO can yield a
range of quality-of-fit scores. In this section we quantify FIDO’s sensitivity to the flux rope
latitude, longitude, and tilt by comparing the difference in these values between the four
FIDO results for each ICME (ForeCAT-driven, GCS-driven, force free best fit, and circular
best fit).
Figure 9. Time series showing the difference in latitude (top), longitude (middle), and tilt (bottom) be-
tween the ForeCAT results and the force free best fit (green), the circular best fit (light blue), and the COR2
GCS results (purple). The dotted lines show the maximum range allowed during the best fit parameter space
exploration. The right panels show histograms of the full time series.
Figure 9 shows the difference from the ForeCAT-driven best fit for the GCS-driven
(purple), force free best fit (green), and circular best fit (light blue). The top panel shows the
latitudinal difference with respect to time. The middle and bottom panels show the longitu-
dinal and orientation difference. The dashed line at zero corresponds to no difference and the
dotted lines within each panel show the range that was allowed during the best fit parameter
space search. The right panels collect the differences into histograms for the GCS-driven and
two best fit results.
For most of the cases we find very small differences from the ForeCAT-driven results.
The best fit results consistently differ by less than the GCS-driven results. For the force free
and circular best fits we find average latitudinal differences of 1.4◦±1.3◦ and 1.5◦±1.4◦,
longitudinal differences of 1.3◦±1.3◦ and 1.3◦±1.2◦, and tilt differences of 1.3◦±1.2◦ and
2.0◦±2.3◦, respectively. In comparison, on average, the GCS differs by 3.0◦±2.0◦ in latitude,
2.6◦±2.0◦ in longitude, and 5.5◦±5.3◦ in tilt.
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As can be seen in Figure 9, very few of the best fits have a latitude, longitude or tilt at
the boundary of the sampled region. For the force free best fits, one ICME has a longitude
differing by 5◦ (CME 4). For the circular best fit we again find one varying by 5◦ in longi-
tude (CME16). Note that it is not the same cases showing the extreme variation between the
two different flux rope models.
This low number of extreme values has two implications. First, we are considering
a reasonable range when performing the best fit searches. Our step size is such that the ex-
treme values can be reached, if necessary, but the step size and range are appropriate for
achieving convergence to a best fit within 4000 steps. Second, the relatively small differences
in the best fit and ForeCAT or GCS values confirm that little to no deflection or rotation oc-
curs between the end of the ForeCAT simulation or coronal reconstruction and 1 AU. Any
deflection or rotation that occurs is smaller than the uncertainty in the GCS reconstructions.
6.5 Impacts and Misses
Kay et al. [2017a] suggest that near-Earth ICMEs can be divide into impacts and misses
using two parameters derived from the ICME latitude and longitude relative to the Earth, the
orientation, and the angular width. We determine the angular distance between the Earth and
the nose of the ICME, which we normalize using the angular width of the ICME. When the
normalized angular width is greater than one no impact should occur. We also consider the
proximity of the Earth to the toroidal axis of the ICME. We expect that the ICME extends
farther in the toroidal direction than in the poloidal direction/cross sectional width. We quan-
tify this distance using the angle between the toroidal axis and the line connecting the ICME
nose and the Earth’s position, which we normalize by 90◦ to put on the same scale as the
normalized angular distance. Kay et al. [2017a] show that ICMEs with smaller orientation
differences tend to be more likely to impact the Earth.
Kay et al. [2017a] considered the results of over 600 different ForeCAT-driven FIDO
simulations that represented four different observed cases. Using all the simulations, Kay
et al. [2017a] performed a linear regression to determine the line dividing the cases based on
their normalized angular distance and orientation difference. Here we compare that regres-
sion line, derived from only simulations and poorly constrained for high normalized angular
widths, with the results for the 45 observed ICMEs considered in this paper.
Figure 10 shows the normalized angular width and normalized orientation difference
for the 45 ICMEs. We estimate error bars for each case by assuming uncertainties of 1.25◦
in the latitude and 2.5◦ in the longitude, tilt, and angular width (equivalent to one quarter of
the standard GCS values). Note that these are not precisely determined error bars as setting
the uncertainties at one quarter of the GCS uncertainties seems reasonable, but we have no
justification for this specific value. The error bars are simply meant to illustrate the sensitiv-
ity to uncertainty in the position, orientation, and angular width, and how it varies with the
normalized angular distance and orientation difference.
Each circle is colored according to the thickness of the ICME using the shape param-
eter B, which describes the ratio of the cross-sectional width to the full width of the ICME.
Using the values from the ForeCAT-driven FIDO results, we color the thinnest ICMEs pur-
ple (B < 0.25), the thickest light blue (B > 0.5), and the in between green. The black line
shows the linear regression determined in Kay et al. [2017a]. The left panel shows results
using the ForeCAT position and orientation and the right panel shows results using the GCS
reconstructions.
Since all 45 ICMEs impact Earth, we expect them to fall to the left and below the re-
gression line in Figure 10. The ForeCAT results in panel (a) show that the linear regression
line works for most of these observed ICMEs. Seven cases fall above the regression line
(CMEs 1, 4, 10, 11, 13, 22, 25), but many of these have error bars that extend to or past the
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Figure 10. The normalized difference of the clock angle between a CME’s toroidal axis and the Earth’s
position versus the normalized angular distance of the Earth from the nose of the CME. The color of the
circle indicates the thickness of the CME according to their cross-sectional parameter B with purple being
thin (B < 0.25), light blue being thick (B > 0.5), and green falling in between the two extremes. The error
bars are derived by assuming uncertainties in latitude, longitude, and tilt corresponding to one quarter of the
traditionally-assumed GCS values. The black line shows the linear regression from Kay et al. [2017a].
regression line, suggesting that a small change in their parameters could change them to a
predicted hit.
We see that the cross-sectional thickness of the ICME influences where an ICME falls
in Figure 10. In Kay et al. [2017a] the ICMEs all had B betweeon 0.3 and 0.5 whereas the 45
ICMEs vary between 0.07 and 0.73. As ICMEs become thicker, we expect that farther nor-
malized distances will correspond to impacts for any given normalized orientation difference
so that the regression line may shift up or to the right, depending on the actual sensitivity to
B. We find that the thinnest ICMEs tend to have very low normalized orientation differences,
whereas the thickest ones have larger orientation differences. All the incorrectly predicted
misses are medium or thick ICMEs, suggesting that the single line division, while reasonably
accurate, could be improved by factoring in the ICME thickness. This, however, is typically
hard to measure remotely, so instead, conversion from a binary impact or miss designation to
a probability of impact may be preferrable.
The right panel of Figure 10 shows the normalized angular distance and orientation
difference for the GCS results. Note that here the colors are determined using the B used for
the GCS-driven FIDO results and we use the same uncertainties as the left panel to deter-
mine the error bars. We again see seven ICMEs would be incorrectly predicted misses, but
these cases fall much farther to the right/above the linear regression line. Again we see some
structuring based upon the ICME’s cross-sectional width, but with significantly more scatter
than the ForeCAT results. As seen in the in situ comparison, the GCS reconstruction tends to
have a higher chance of large inaccuracies but typically tends to perform slightly worse than
the ForeCAT-driven results.
7 Discussion
In this paper we show that both the ForeCAT and GCS-reconstructed positions and ori-
entations can be used with FIDO to yield acceptable fits to the in situ observations. We wish
to emphasize that neither the ForeCAT results nor the GCS reconstructions are fine-tuned
best fits. Both ForeCAT and the GCS model have degenericies between their input parame-
ters. For example, in ForeCAT a thicker cross section can often be compensated by a heavier
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mass, and a more inclined tilt may be balanced by a smaller angular width in the visual GCS
fits. For both, a minimum amount of parameter space searching was done to ensure that the
CME does in fact impact the synthetic spacecraft and that corresponding FIDO results are
reasonable. Finding a set of parameters such that the ForeCAT and GCS results agree with
one another and the FIDO results at least resemble the in situ observations often breaks the
degeneracy between input parameters. It is likely that better FIDO goodness-of-fit scores
could be achieved by fine tuning both the ForeCAT and GCS models, but the goal of this
work is to illustrate the capabilities of each model in a fashion that mimics how either may
be used for real time predictions for a large number of cases, rather than detailed studies of a
few select events.
These results show that, with a minimum amount of fine-tuning, the ForeCAT-driven
FIDO tend to fit the in situ magnetic field than the GCS-driven FIDO results. However, in a
couple cases we find that the GCS-driven results actually perform better. We are not advocat-
ing that the GCS reconstructions are inappropriate or inheritently inaccurate; they remain the
best method of reconstructing CME positions and orientations, particularly when using mul-
tiple viewpoints. We stress, however, that one must be careful when interpreting their results
due to the large uncertainty in the parameters resulting from the impreciseness of visual fits
and the degeneracy of the model parameters.
This paper and previous work [Kay et al., 2015b, 2016, 2017b; Capannolo et al., 2017]
have shown that ForeCAT can reproduce the deflection and rotation of observed CMEs,
given the correct input parameters. Future work will allow ForeCAT to be useful for actual
predictions. Given an AR where a CME may likely erupt from and the range of plausible
CME parameters, ForeCAT runs efficiently enough to run large ensemble studies yielding
probabilities of the possible of the possible deflections and rotations. This range of positions
and orientations, and their probabilites, could be coupled with FIDO to determine the range
of magnetic profiles expected if the AR were to erupt and the ensuing CME were hit Earth.
8 Conclusions
This paper presents the largest-to-date study of observations and simulations of the de-
flection and rotation of CMEs and their magnetic profiles at 1 AU. For 45 Earth-impacting
CMEs between November 2007 and June 2014, we determine the initial location of each
eruption, reconstruct their coronal position and orientation using the GCS model, simulate
the coronal deflection and rotation using ForeCAT, and compare their magnetic field pre-
dicted by FIDO with in situ observations from ACE and Wind.
The ForeCAT results and GCS reconstructions for the CME latitude, longitude, and tilt
tend to agree within the uncertainty of the GCS reconstruction. The combination of mod-
eling and observations show that for these 45 CMEs, the largest deflections actually occur
during solar minimum. The deflection peaks during solar minimum due to the large latitu-
dinal deflections at this time due to the smaller CME masses and enhanced polar magnetic
field causing strong latitudinal gradients; the longitudinal deflections remain relatively con-
stant over the full considered time span. After the initial decrease early in the rising phase,
the average deflections and rotations appear to be increasing as the solar cycle is approaching
maximum, suggesting that the declining phase may have large deflections and rotations, but
we cannot confirm this as the sample of CMEs does not extend that far.
Using the simulated deflection and rotation, we look for corrrelations between the
magnitude of the deflection and rotation and various CME properties such as the mass, ve-
locity, and angular width. We recover many of the trends between CME properties known
from large catalogs. The CME mass, angular width, and velocity are all positively correlated
with one another. However, we only see weak correlations with the deflection and rotation,
highlighting the complexity of the motion and the number of factors that simultaneously in-
fluence any single event.
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We compare the in situ magnetic field with FIDO simulations driven by ForeCAT re-
sults. For 42 of the 45 ICMEs we find a “good” fit, corresponding to a goodness-of-fit score
less than one where one corresponds to assuming no magnetic field or twice the actual ob-
served magnetic field for each of Bx , By , and Bz . We find an average score of 0.72±0.22,
which equals the average vector magnitude of the hourly error normalized by the total mag-
netic field strength. The goodness-of-fit scores range between 0.24 and 1.05. If we look at
the individual components we find that all three vector components tend to have an hourly
average error of 0.35±0.16, again normalized by the total ICME magnetic field strength. We
expect our simple flux rope model to work best for the ICMEs that appear the most flux-
rope-like, and for the eight most flux-rope-like ICMEs (determined visually, though all are
identified magnetic clouds) we find an average score of 0.55. FIDO can still reproduce non-
MC or ejecta-like events, which often correspond to flank hits, but less accurately than for
the magnetic clouds.
In addition to using the ForeCAT results, we also drive the FIDO model using the
GCS reconstructions. These results range between 0.38 and 1.42 with an average score of
0.86±0.22, with eleven ICMEs having a score greater than one. These results suggest that
GCS reconstructions can be used to obtain good predictions of in situ magnetic field, how-
ever, there is a higher chance of poor predictions due to the larger uncertainties in the recon-
structed latitude, longitude, and tilt.
To further explore the ability of ForeCAT to accurately determine the appropriate in-
puts for FIDO, we search for the best fit of the FIDO flux rope to the in situ observations.
This allows us to differentiate between the model’s ability to reproduce the observations and
our actual ability to determine the input parameters. Considering both a force free and a cir-
cular flux rope model we find an average improvement of about 0.1 in the total goodness-of-
fit score and about 0.05 in the individual vector components, with the circular model tending
to yield marginally better fits. These best fits tend to differ from the ForeCAT results by less
than 2◦ in latitude and longitude and 3◦ in tilt. This suggests that while ForeCAT yields good
reconstructions, there is some room for improvement due to the extreme sensitivity to the
ICME position and orientation.
Finally, we compare our simulated and reconstructed CME positions with the linear re-
gression from Kay et al. [2017a] meant to divide CMEs into impacts and misses based upon
their normalized angular width and normalized orientation difference. We find that this cri-
teria, developed from simulated CMEs, can be used to determine whether an observed CME
will impact. The results do show some sensitivity to the CME’s width, so future work should
incorporate a probability of impact instead of simply a binary impact or miss designation.
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